The aim of the present study was to investigate the effect of cyclic tension stress on osteoclast apoptosis in vitro using murine RAW264.7 cells treated with receptor activator of nuclear factor-κB. Using the EF3200 mechanical testing instrument with BioDynamic bioreactor system, cultured osteoclasts which were seeded in a silicone rubber membrane load carrier, were loaded with periodic cyclic stretch microstrain. The induced osteoclasts were subjected to 0, 5, 10 and 15% stretch microstrain for 1 h daily for three days. The number of tartrate-resistant acid phosphatase-positive osteoclasts and the resorption area were assessed. Osteoclast apoptosis was detected by the Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide binding assay. The mRNA expression of Bcl-2, Bax, caspase-3 and cytochrome c was detected following force loading using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Compared with the cells under no cyclic tension stress, the number of osteoclasts and the resorption area were increased in the cells under 10 and 15% stretch microstrain. The Annexin V binding assay showed that the early apoptosis rate of the 5, 10 and 15% stretch microstrain groups was decreased compared with that of the control group. RT-qPCR results showed that the Bcl-2/Bax ratio was significantly increased in the cells subjected to 5, 10 and 15% stretch microstrain compared with that in the control cells (P<0.05), while the expression of cytochrome c in the 10 and 15% stretch microstrain groups was decreased significantly (P<0.05). No significant difference was observed between the cytochrome c expression of the 5% stretch microstrain group and that of the control group (P>0.05). The expression of caspase-3 in the 5, 10 and 15% stretch microstrain groups was decreased significantly compared with that in the control group (P<0.05). These data suggest that cyclic tension stress can inhibit apoptosis in osteoclasts, possibly by increasing the Bcl-2/Bax ratio, inhibiting the activity of caspase-3 and downregulating the expression of cytochrome c.
Introduction
Bone modeling and remodeling are maintained by the strictly coupled activities of bone-forming osteoblasts and bone-resorbing osteoclasts (1, 2) . Mechanical stimulation from weight-bearing activities and muscle contraction plays an important role in bone modeling and remodeling. Weight bearing and muscle contraction stimulate bone formation and remodeling, whereas a lack of these stimuli leads to bone mass loss, and can cause conditions such as disuse osteoporosis (3) (4) (5) . By contrast, exposure of the bone to supraphysiological loads results in an increase in bone mass in order to withstand the high stress (6) (7) (8) (9) (10) (11) . The adaptation of bone to mechanical changes occurs due to osteoblasts and osteoclasts, which sense the changes and regulate the function of bone formation and resorption (12, 13) .
Numerous types of mechanical stimuli, such as hydrostatic or hydrodynamic pressure, fluid shear stress and hypergravity, have been applied to observe the effects on bone-derived cells. Dynamic loading can stimulate human osteoblast proliferation and increase extracellular matrix production (14) (15) (16) . In addition, mechanical stimulation of osteoblasts has been to shown to increase the release of alkaline phosphatase (ALP) (17) , nitric oxide (NO) (18) and prostaglandin E2 (PGE2) (19) , and regulate Runt-related transcription factor 2 (Runx2) activation (20) .
Osteoclasts are multinucleated cells that branch from the monocyte or macrophage lineage early during the differentiation process (21) . The osteoclast formation process includes several steps. Firstly, precursor cells are genetically altered so that the proteins expressed enable cell-cell recognition and attachment. The cells then undergo differentiation to multinucleated pre-osteoclasts, which do not resorb bone. These pre-osteoclasts are finally activated into functional bone resorbing osteoclasts by a number of hormones and cytokines, including parathyroid hormone, 1,25-dihydroxyvitamin D3, tumor necrosis factor (TNF) and interleukin-1, which promote osteoclastogenesis. Receptor activator of nuclear factor-κB (RANKL) and macrophage colony-stimulating factor (M-CSF) are the key factors for osteoclast differentiation (21, 22) . RANKL is expressed on the membrane surface of osteoblasts and stromal cells and promotes pre-osteoclast fusion into mature osteoclasts. The main role of M-CSF is to induce the pre-osteoclast expression of RANK, which is a receptor of RANKL (21) . Mature osteoclasts are tartrate-resistant acid phosphatase (TRAP)-positive cells that cause bone resorption. Studies have reported that mechanical stimulation affects the differentiation and bone resorption function of osteoclasts (23, 24) .
Mature osteoclasts are terminally differentiated cells and thus do not undergo mitosis. The lifespan of osteoclasts is short, and the cells undergo spontaneous apoptosis. Numerous drugs, such as bisphosphonates, can promote the apoptosis of osteoclasts in order to have an anti-osteoporotic effect (25, 26) ; however, less is known about the effect of mechanical strain on osteoclast apoptosis.
It is known that osteoclasts and osteoblasts are sensitive to mechanical stimulation, which affects the differentiation and bone resorption function of osteoclasts (23, 24) ; however, few studies have reported the effect of cyclic tension stress on osteoclast apoptosis. In the present study, the association between cyclic tension stress and osteoclast apoptosis was investigated using the ElectroForce ® 3200 mechanical testing instrument (EnduraTEC Systems Group, Bose Corp., Minnetonka, MN, USA) with a BioDynamic ® bioreactor system (Bose Corp.). Cell culture and osteoclast differentiation. RAW264.7 cells were grown in high-glucose DMEM supplemented with 10% heat-inactivated FBS and 1% penicillin-streptomycin at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 . The differ-entiation of RAW264.7 cells was induced using high-glucose DMEM containing RANKL (100 ng/ml), as described in a previous study (27) .
Materials and methods

Materials
Mechanical loading system. Mechanical loading was performed using a rectangular (4x2x0.1 cm) silicone rubber membrane developed by our research group. The stress distribution on the surface of the silicone rubber membrane and its biocompatibility were acceptable for cell culture, and the material itself showed no cytotoxicity. The silicone rubber membrane, which acted as a cell carrier, was compatible with the Endura ElectroForce 3200 mechanical testing instrument, and the mechanical parameters of the loading were controlled via the Bose Peripheral Component Interconnect and WinTest ® system (Bose Corp.). The mechanical loading system was able to produce precise deformations on the silicone rubber membrane so that the osteoclasts plated on the membrane were subjected to mechanical stimulation. The reservoir was settled inside a CO 2 incubator and the compression pump was operated at a defined speed, so that the medium circulated throughout the culture system via the piping system. This ensured that the mechanical loading system temperature and CO 2 concentration were stable ( Fig. 1 ).
Following ethylene oxide sterilization, the silicone rubber membrane was immersed in α-Minimum Essential Medium (Shanghai and Shanghai Yu Biotechnology Co., Ltd., Shanghai, China) with 5% FBS until required. The RAW264.7 cells were seeded at a density of 1x10 5 cells in the silicone rubber membrane with 100 ng/ml RANKL over the course of five days and were then placed in the mechanical loading system and randomly divided into four groups: A control group (cells were not subjected to any mechanical tension stress) and three experimental groups (cells were subjected to 5, 10 and 15% stretch microstrain, respectively, at 0.25 Hz for 1 h a day). The mechanical loadings continued for three days.
TRAP staining. Three days after the induction of the RAW264.7 cells with 100 ng/ml RANKL, the osteoclasts were treated with 5, 10 and 15% stretch microstrain for three days (also with 100 ng/ml RANKL induction), washed with phosphate-buffered saline (PBS) and then fixed with 4% paraformaldehyde. Following fixation, the cells were rinsed in distilled water and stained using the TRAP staining kit. TRAP-positive cells with two or more nuclei were considered to be osteoclast-like cells. The number of osteoclasts was counted in each film (n=5/group) under a light microscope to observe the effects of mechanical stimulation.
Resorption pit assay. Three days after the induction of the RAW264.7 cells with 100 ng/ml RANKL, the cells were treated with 5, 10 and 15% stretch microstrain for three days (also with 100 ng/ml RANKL induction). The osteoclasts were then seeded on bovine cortical bone slices (0.5x0.5 cm) at a density of 20,000 cells/cm 2 for three days. The cells were removed from the bovine cortical bone slices by sonication in 0.1 N NaOH for 5 min, fixed with 2.5% glutaraldehyde for 30 min and then subjected to ethanol gradient dehydration, drying and spraying. The cells were observed using scanning electron microscopy. The surface of each bovine cortical bone slice was examined using light microscopy for evidence of lacunar resorption, and quantitative analysis of the resorption area was performed with Image-Pro Plus software version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) (n=5/group).
Analysis of osteoclast apoptosis. The effect of mechanical stimulation on osteoclast apoptosis was quantified using the Annexin V-FITC apoptosis detection kit. The osteoclasts were treated with 5, 10 and 15% stretch microstrain for three days and then washed twice with PBS and gently re-suspended in Annexin V binding buffer at a concentration of 1x10 6 cells/ml. The osteoclasts (1x10 5 cells, 100 µl) were added to a 5-ml flow tube, prior to 5 µl Annexin V-FITC and 5 µl propidium iodide (PI) being transferred. The cells were incubated for 15 min at room temperature (25˚C) in the dark and then analyzed by flow cytometry within 1 h. Q1 quadrant represented the mechanically damaged cells, Q2 quadrant represented the post-apoptotic or necrotic cells, Q3 quadrant represented the early apoptotic cells and Q4 quadrant represented the surviving cells.
RT-qPCR. Following treatment with the mechanical stimuli for three days, the cells were washed twice with PBS and collected. Total RNA was extracted using TRIzol™ (Invitrogen Life Technologies) according to the manufacturer's instructions. cDNA was synthesized from the total RNA using All-in-One First-Strand cDNA Synthesis kit and oligo(dt) primers (Wuhan Boster Biological Engineering Co., Ltd., Wuhan, China). The primers used for the genetic analysis of the osteoclasts were as follows: Bcl-2 forward, 5'-ACG GGG TGA ACT GGG GGA GG-3' and reverse, 5'-GCA TGC TGG GGC CGT ACA GT-3'; Bax forward, 5'-GAT GGA CGG GTC CGG AGA-3' and reverse, 5'-CTC AGC CCA TCT TCT TCC AG-3'; caspase-3 forward, 5'-TTC AGA GGG GAT CGT TGT AGA AGTC-3' and reverse, 5'-CAA GCT TGT CGG CAT ACT GTT TCAG-3'; cytochrome c forward, 5'-TGG GCG GAA GAC AGG TCA-3' and reverse, 5'-TCC AGG GAT GTA CTT CTT GGG AT-3'; β-actin forward, 5'-GGGAAATCGTGCGTGACATT-3' and reverse, 5'-GGAACCGCTCATTGCCAAT-3'. The reaction conditions were set according to the kit manufacturer's instructions. Subsequent to the completion of the reaction, amplification and melting curve analyses were performed. Gene expression values were analyzed for target gene expression using the 2 -ΔΔCt method.
Statistical analysis. Data are presented as the mean ± standard deviation. Statistical analysis was performed with a one-way analysis of variance using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of cyclic tension stress on the number of TRAP-positive multinucleated osteoclasts. The effect of cyclic tension stress on osteoclast differentiation was investigated by subjecting RAW264.7 cells to 5, 10 and 15% stretch microstrain and then counting the number of multinucleated osteoclasts after three days of mechanical stimulation. The number of mature osteoclasts was increased following 10 and 15% mechanical stimulation (P<0.05), and the strongest effect was noted following 10% microstrain (Fig. 2) . Fig. 3 , treatment with mechanical stimulation significantly increased the ability of the experimental group cells to resorb bovine cortical bone slices compared with the control group. No significant difference was observed between the cells subjected to 5% microstrain and the control cells (P>0.05).
Resorption pit assay. As shown in
Cyclic tension stress inhibits osteoclast apoptosis.
To determine the effect of cyclic tension stress on osteoclast apoptosis, the Annexin-V/PI binding assay was performed ( Fig. 4) . Compared with the control group cells (15.9±2.36%), the cells subjected to 5, 10 and 15% stretch microstrain for three days showed significantly decreased early apoptosis (Q3 quadrant) rates (11.47±1.21, 8.39±1.08 and 10.41±1.4%, respectively) (P<0.05). These results indicate that cyclic tension stress inhibits osteoclast apoptosis.
Effect of cyclic tension stress on the expression of osteoclast apoptosis genes. In order to confirm the effect of three days of cyclic tension stress on osteoclast apoptosis, RT-qPCR was performed ( Fig. 5) . Compared with the control group, the mRNA expression of caspase-3 and cytochrome c was decreased in the mechanical loading group (5, 10 and 15% stretch microstrain) in a load-dependent manner. The mRNA expression of Bcl-2 showed upregulation and that of Bax showed downregulation. The Bcl-2/Bax ratio of the mechanical stress groups was increased compared with that of the control group, and the increase was greatest in the 10% stretch microstrain group. These results suggest that cyclic tension stress has an important effect on osteoclast apoptosis.
Discussion
The present study utilized a novel tension stress loading system designed by our research group. The apoptotic activity of osteoclasts was detected when the cells were subjected to cyclic tension stress during cultivation. The results showed that cyclic tension stress increased the number of TRAP-positive cells and inhibited osteoclast apoptosis. The mRNA expression levels of caspase-3, cytochrome c and Bax were significantly decreased under mechanical stimulation, and the expression of Bcl-2 was increased, suggesting that the apoptotic activity of the osteoclasts was inhibited by the mechanical stimulation.
The advantage of the mechanical loading system used in the present study was that all cells on the silicone rubber membrane were subjected to the same mechanical stimulation, meaning that an effective 'uniaxial' loading was applied to the osteoclasts. In addition, the WinTest software system of the mechanical loading system could control the duration, tensile elongation and tensile frequency of the loading regime, which was important for the cellular responses. The silicone rubber membrane had the three basic characteristics of a cell carrier: Figure 5 . Relative mRNA expression level of osteoclast apoptosis-related genes in the mechanical stress and control groups following treatment under different stretch microstrain conditions for three days. (A-C) mRNA expression of (A) Bcl-2 and Bax, (B) cytochrome c and (C) caspase-3 in osteoclasts. Results are presented as the mean ± standard deviation (n=5). The control group, which was cultured for the same number of days but without mechanical stress, was defined as the standard (n=5). * P<0.05 and ** P<0.01 vs. the 0% microstrain group. i) Good transparency, so the microscopic observation of the cells was not affected; ii) good elasticity (the silicone rubber membrane could stretch up to ~20% under the precise control of the operating system); iii) good cytocompatibility. There were two main methods that could have been used to obtain mature osteoclasts in the present study. Although mature osteoclasts can be isolated from the long bones, the purity is poor and the short life of the cells is not suitable for the needs of the experiment (28) (29) (30) . Numerous methods have therefore been developed to acquire sufficient osteoclast-like cells in vitro (31) (32) (33) . In the present study, TRAP-positive, mature osteoclasts with resorptive capabilities were obtained by inducing RAW264.7 cells with 100 ng/ml RANKL.
Mechanical stimulation plays an important role in the regulation of bone cells. Numerous studies have investigated the effect of mechanical stress on bone tissue in vivo and in vitro (34, 35) , and it has been reported that the osteoblasts and osteoclasts sense and respond to mechanical stimuli. Studies have confirmed that mechanical stimulation increases the osteoblastic release of ALP (17) , NO (18) and PGE2 (19) and regulates Runx2 activation (20) . Additionally, studies have reported that mechanical stress can inhibit osteoclast differentiation (23) and increase the activity of bone resorption (24) ; however, the effect of mechanical stimuli on osteoclast apoptosis as been less well studied. The cell apoptosis pathway is activated by a variety of physical, chemical and biological factors. Apoptosis may occur through activation of the death receptor pathway (Fas/TNF) or the mitochondrial apoptosis pathway (36) . The latter is achieved by regulating the expression of the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) and the pro-apoptotic protein Bcl2-associated X protein (Bax) (37) . The anti-apoptotic factor Bcl-2 and pro-apoptotic factors (such as Bax) regulated the mitochondrial membrane permeability to decide whether cytochrome c and other pro-apoptotic factors are release into the cytoplasm.
Apoptosis-related genes of the Bcl-2 family are the key regulators of apoptosis, which exert their effects via the following mechanisms: i) Inhibition of oxygen free radicals; ii) control of intracellular Ca 2+ influx, iii) inhibition of the release of cytochrome c, iv) inhibition of p53-and c-myc-induced apoptosis. Bax and Bcl-2 are embedded in the mitochondrial membrane. Bax dimers enhance mitochondrial membrane permeability, while Bcl-2 and Bax can combine to form a heterodimeric body, which prevents the formation of pro-apoptotic Bax dimers (37) . Bcl-2 dimers can additionally inhibit mitochondrial depolarization (38) (39) (40) . When cytochrome c is released into the cytoplasm, it can combine with apoptosis protease activating factor-1 (APAF-1) and enhance the combined capacity of APAF-1 and adenosine triphosphate. Recruitment of the caspase-9 precursor molecule to the APAF-1 complex results in caspase-9 activation. The effectors caspase-3, -6 and -7 are then gradually activated, furthering the cells along the apoptotic pathway (41) (42) (43) . The caspase family of cysteine aspartic proteases plays an important role at the start and finish of cell apoptosis and acts as the executors of cell apoptosis. Two pathways can result in caspase activation. In the first pathway, caspase activation is mediated by death receptors, such as Fas or the TNF receptor. Fas ligand and Fas receptor combine, and then Fas-Associated protein with Death Domain binds to the receptor, leading to pro-caspase-8 combination and automatic activation. Caspase-3 and other downstream caspases are then activated, which in turn lead to a caspase cascade amplification reaction, cracking protein substrates in the cell (44) . The second pathway leading to caspase activation begins with pro-apoptotic signals promoting cytochrome c release from the mitochondria into the cytosol, where it enters the cytoplasm, combines with APAF-1 and then binds to and activates pro-caspase-9. The composite activated caspase-3 leads to the caspase cascade amplification. Caspase-3 acts as the converging point of a variety of apoptosis-stimulating signals and the ultimate enforcer of cell apoptosis. Activation of caspase-3 is representative of the cell reaching the irreversible phase of apoptosis (45) .
In the present study, it was demonstrated that cyclic tension stress could upregulate the mRNA expression of Bcl-2 and downregulate that of Bax, thus increasing the Bcl-2/Bax ratio. This reduced the permeability of the mitochondrial membrane and suppressed the release of cytochrome c and other pro-apoptotic factors into the cytoplasm. The final caspase cascade mediating the apoptosis of osteoclasts was inhibited. Changes in the deformation variables affected each gene differently; for example, 10% stretch microstrain elicited the strongest effect on the expression of Bcl-2 and Bax and the Bcl-2/Bax ratio, while the expression levels of caspase-3 and cytochrome c were inhibited most strongly by 15% stretch microstrain. The results suggest that mild mechanical stimulation (5% stretch microstrain) has only a slight effect on osteoclast apoptosis and that moderate mechanical stimulation (10% stretch microstrain) inhibits osteoclast apoptosis mainly by regulating the ratio of Bcl-2/Bax but also by inhibiting the expression of cytochrome c and caspase-3. By contrast, high levels of mechanical stimulation (15% stretch microstrain) regulate osteoclast apoptosis mainly by inhibiting the expression of cytochrome c and caspase-3, and secondly by regulating the ratio of Bcl-2/Bax.
In conclusion, cyclic tension stress can inhibit osteoclast apoptosis through the mitochondria-mediated apoptosis pathway. The mechanism by which stretch microstrain stimuli affect osteoclast apoptosis varies depending on the size of the stimulus. Since osteoblasts and osteoclasts are closely associated in vivo, the experimental study of the mechanical regulation of osteocytes requires further development.
